Abscesses are a common problem in goat farms worldwide. In most cases, the disease is caused by Corynebacterium pseudotuberculosis that is the aetiological agent of caseous lymphadenitis (CLA). CLA causes considerable economic losses, due to reduced milk production, and to carcase damage. At present, no effective therapy for CLA is available and vaccine use is limited. The current study presents evidence for loci associated to CLA susceptibility identified using the 50K Goat SNP panel in a case-control genome wide association study. The analysis of the genotype data identified four chromosomal regions associated with disease status: on chromosomes 5, 7, 8 and 11. These results provide the first evidence for genetic loci involved in the immunological response to CLA in goat. Knowledge of genetic variations related to susceptibility will facilitate the incorporation of this information for the improvement of health status in the goat species.
Introduction
Abscesses are a common problem in goat farms all over the world: they have been reported in Africa (e.g. Ethiopia; Egypt; Oreiby et al. 2014, and Abebe & Sisay Tessema 2015) , North America (e.g. Quebec; Debien et al. 2013 ), South America (e.g. Brazil; Seyffert et al. 2010) , Asia (e.g. Korea; Jung et al. 2015) , Australia (Peel et al. 1997) and Europe (e.g. Czech Republic; Skalka et al. 1998; Italy; Battini et al. 2016, and Portugal; Can et al. 2016) . Surveys in Italy and Portugal revealed the presence of abscesses in 90% of the visited farms in both countries Can et al. 2016) , whereas in Brazil CLA was present in 98% of the herds (Seyffert et al. 2010 ). The problem is therefore widespread and it may jeopardise animal welfare (Ferrante et al. 2012 ) and cause economic losses, mainly due to reduced milk production, and to carcase damage (Fontaine & Baird 2008; Regassa et al. 2013) .
External abscesses are usually located in superficial lymph nodes, mainly in the head, jaw, neck, shoulder and precrural regions, and contain a purulent, thick, greenish-yellowish material. In most cases, the disease is caused by Corynebacterium pseudotuberculosis that is the aetiological agent of caseous lymphadenitis (CLA; Al-Gaabary et al. 2009; Smith & Sherman 2009 ) and can cause necrotising granulomatous lymphadenitis also in humans, although human infections rarely occurs (Mills et al. 1997; Peel et al. 1997) . CLA affects especially adult animals (Jung et al. 2015) , is highly contagious and can be transmitted by direct contact among infected animals or by indirect contact of goats with body lesions with water, soil, straw or housing structures contaminated with the purulent contents deriving from the rupture of the abscesses (Fontaine & Baird 2008) . Therefore, CLA can spread rapidly and its complete eradication from an infected herd is very difficult. Abscesses can be surgically excised, drained, washed and disinfected, but they often reappear in a short time. Additional procedures for the control of the disease are the culling of infected animals and the separation of kids from infected mothers (Simpson & Washburn 2012) . However, at present, no really effective therapy is available to limit or control the spread of abscesses in goat herds. Vaccination has been suggested as a potential solution to the problem. A vaccine is produced in the US and is presently available on the market, but it proved to be effective mainly for sheep (Smith & Sherman 2009 ). Promising results have been recently achieved in a field experiment by Bencetti et al. (2014) using vaccines obtained from the isolation of bacterial strains deriving from lesions of goats from a specific herd. However, vaccination should be repeated for several consecutive years, because of the high risk of having positive animals that may spread again the disease in the herd (Smith & Sherman 2009 ). Moreover, autogenous vaccines are more costly than commercial vaccines, therefore they may be viable only if utilised in large herds (Simpson & Washburn 2012) .
For these reasons, identifying loci associated with susceptibility to abscesses in goats could represent an important step towards the control and, possibly, the help in the reduction of incidence of the disease. The current study presents evidence for loci associated to CLA susceptibility in alpine goats that were identified using the 50K Goat SNP panel (Illumina goat SNP50 Bead Chip whole genome SNP assay) in a case-control study using the presence of abscesses as the definition of susceptibility.
Materials and methods

Animals
Samples were collected from 153 secondiparous Alpine goats, daughters of 12 bucks, reared at "G.P. Guidobono Cavalchini" experimental farm of the University of Milan in Borgo Adorno (Cantalupo Ligure, Alessandria, Italy). CLA was diagnosed and confirmed by the herd veterinarian. For collecting phenotypic data, all goats were individually restrained and their whole body was accurately palpated to identify the presence and location of external abscesses. Positive cases were defined as animals having one or more abscesses and negative controls were defined as animals showing absolutely no sign of external abscesses. Confirmation of the presence of Corynebacterium pseudotuberculosis in all the animals that showed the presence of abscesses was not possible. However, previous bacteriological analysis on abscess material collected in the same herd had already confirmed the presence of bacteria at herd level. Furthermore, two goats with abscesses used for the present investigation were slaughtered shortly after the end of the experiment. At the slaughterhouse, the presence of internal abscesses in their lungs was recorded and bacteriological analysis of the lung tissues confirmed the presence of Corynebacterium pseudotuberculosis.
Blood samples were collected in EDTA vacutainers (BD Vacutainer Systems, Plymouth, UK), immediately refrigerated at 4 C and then stored at -20 C until analysis. DNA was extracted from whole blood samples using the NucleoSpin V R Blood kit (Macherey-Nagel, D€ uren, Germany) starting from 200 ll of blood. Extracted DNA was analysed using a NanoDrop ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA) to assess DNA concentration and purity, whereas DNA integrity was verified by electrophoresis in 1% agarose gel. Due to economic constraints, 70 samples (25 positive and 45 negative cases), randomly selected from the whole herd, were genotyped by GeneSeek Inc (Nebraska, USA) using the Illumina GoatSNP50 BeadChip. Genotypes were assigned using BEADSTUDIO (Illumina, San Diego) software.
Genotype quality assurance
Genotype quality assurance was performed within the R statistical environment using the GenABEL package as implemented with the "check.marker" function (Aulchenko et al. 2007a) . Data was quality controlled for marker call rate, minor allele frequency: markers missing 5% of data, or with MAF of less than 5%, were removed. Genotyping efficiency for samples was also verified and samples with more than 5% missing data were removed.
Statistical analysis
Genome-wide association analysis was performed using the GenABEL package (Aulchenko et al. 2007a) in R using a three step GRAMMAR-CG approach, (Genome wide Association using Mixed Model and Regression -Genomic Control), with the extension of using the genomic kinship matrix estimated through genomic marker data, instead of the pedigree (Amin et al. 2007 , Aulchenko et al. 2007b . The relationship matrix used in the analysis was estimated using genomic data with the ''ibs'' (option weight ¼ ''freq'') function of GenABEL. The Genomic Control (GC) approach was used to correct for conservativeness of the GRAMMAR test, based on the estimation of the lambda factor, which is the median of all genomewide observed test statistics divided by the expected median of the test statistic under the null hypothesis of no association, assuming that the number of true associations is very small compared to the number of tests that are actually performed. Cases were set to 1 and negative controls to 0. Uncorrected p-values lower than 10 Â 10 À6 were accepted to represent strong proof of genome-wide association, while p-values lower than 10 Â 10 À5 were considered as moderately significant associations. SNP location and gene names were based on the Goat Chinese Assembly CHI_1.0 assembly composed of 77,432 scaffolds and 337,495 contigs. Full details on the CHIR_1.0 goat genome assembly are available at: http://www.ncbi.nlm.nih.gov/assembly/GCA_00031 7765.1. All analyses were carried out within the R statistical environment (http://www.r-project.org).
Results
Phenotype
Fifty-eight out of 153 goats (37.9%) were positive to the presence of external abscesses. Forty-three (74.1%) had only one abscess, 13 (22.4%) had two abscesses and only 2 (3.5%) had three abscesses. Thirty-eight percent (37.7%) of the observed abscesses were located in the shoulders, 23.2% in the hind legs, 18.8% in the ears, 13.0% in the neck, 4.3% in the jaw and 1.4% in the udder and in the parotid. The 70 goats randomly selected for genetic analysis were representative of the whole herd, with a prevalence of abscess of 35.7% and were composed of 25 animals with at least one abscess and 45 animals with no external abscesses.
Genotype quality assurance and internal population structure analysis
Following quality control cheques, 2895 of the 53,347 markers were excluded because of low (< 95%) call rate and 1327 markers were excluded because of low minor allele frequency (MAF) < (0.05). With respect to the samples: one sample was removed because of low call rate (< 0.95).
The mean heterozygosity of the samples was 0.39 ± 0.03. Consequently, the final data set that passed the quality controls and was used in the association analysis contained 49,125 genome wide SNPs and 69 samples. Full details of quality check results are given in Table 1 .
Genome wide association analysis
Genome Wide Analysis (GWA) identified SNPs with significant association on chromosomes 5, 7, 8 and 11. Genome-wide Manhattan plot displaying the Genome wide association results with respect to their genomic position, is shown in Figure 1 and details are given in Table 2 . All the markers with significant associations had high call rates, ranging between 0.98 and 1 ( Table 2) . Evidence of population substructure was estimated by the genomic inflation factor k ¼ 1.18 for a basic chi-square statistics test, and was completely corrected by the GRAMMAR-CG methodology that yielded k ¼ 1.
One highly significant SNP was identified on chromosome 7 at positions 3603410 with p-value of 9.21 e-06, (Table 2) namely, SNP rs268245496. In addition, 3 further SNPs were identified on chromosomes 5, 8 and 11 at positions 105527370, 18050225 and 39878893 with significant p-values of 6.12 e-05, 1.28 e-05 and 5.35 e-05, respectively. These three SNPs, namely SNPs rs268256983, rs268256651, rs268259057 also had high call rates. A graphical representation of all the chromosomal regions associated is shown in Figure 1 . Table 13 shows MAF and genotype distribution of the significant SNPs and samples. Discussion Surprisingly, little is known on the genetic loci involved in resistance/susceptibility to CLA. From an economical and epidemiological point of view it would be important to select for disease resistant animals in order to decrease steadily the presence of CLA in goat herds. Although the application of genomic technologies, mainly applied in dairy cattle, can decrease the generation interval and boost genetic gain compared with traditional phenotypic selection, it is still important to perform genome wide association studies for infectious diseases to pinpoint and localise the genetic variations that have an effect on health traits, in cases where no effective therapy or prophylaxis are available, as in the case of bovine tuberculosis , allowing the possibility to include the genetic approach as a complementary aid for disease incidence reduction. Recent developments in the animal genome sequencing technologies have allowed the application of a series of methods designed to identify regions of the genome linked or that affect certain characters of economic interest in cattle (e.g., production and/or resistance to diseases in dairy cattle) (Minozzi et al. 2013 ) and in small ruminants, suitable when pedigree information is not available or unreliable. Genome wide association (GWA) studies are now widely used to estimate the association among single nucleotide polymorphisms distributed across the whole genome and one or more traits. This field has rapidly advanced through the availability of thousands of SNPs that can be genotyped or obtained from sequence information in a cost-effective manner, even in livestock. Furthermore, robust methodology has been developed to account for genetic background, based on a polygenic model and which is implemented in the GRAMMAR-CG approach used in the analysis presented here. This approach was able to disentangle the cryptic relatedness in our goat cohort by modelling the polygenic relatedness between pairs of samples (Amin et al. 2007 ).
In the present work, a genome wide scan using a relatively high density of markers identified significant associations between four SNPs and the presence of CLA infection on chromosomes 5, 7, 8 and 11. Although we could not have a serological confirmation of the presence of Corynebacterium pseudotuberculosis in all the animals that showed the presence of abscesses, our results support the attribution of the presence of abscesses to CLA, on the basis of several considerations: first of all, the wide spread of the disease in the herd and the localisation of the abscesses near the lymph nodes are typical of Corynebacterium pseudotuberculosis (Smith & Sherman 2009) ; besides this, all goats were secondiparous, and therefore adult animals, and the risk of CLA seems to be higher in adult animals and increases with age (Abebe & Sisay Tessema 2015) . As previously described, the presence of CLA was further confirmed by previous bacteriological analysis in the same herd and by bacteriological analysis of the lung tissues of two culled goats. Given these considerations, we are reasonably sure that the goats with abscesses were affected by CLA.
Our results identified a SNP on chromosome 7 at position 3,603,410 which was significantly associated with CLA. The SNP, rs268245496, lies in the intronic region of the neurocan gene (NCAN). The NCAN gene, in human, is associated to schizophrenia and bipolar disorder (Schultz et al. 2014) .
Interestingly, even the third most significant SNP identified in our study (rs268256651), situated on goat Chromosome 11 at position 39,878,893 bp lies close to two genes that have been found to be associated to schizophrenia: the FANCL and VRK2 gene (Steinberg et al. 2011 ; Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014).
The FANCL gene (Fanconi anaemia complementation group L) is situated in position 40,263,578 -40,351,518 (Gene ID: 102190968) . The human homologue of the FANCL gene has been found to be associated to the Fanconi anaemia, that is a genetically heterogeneous recessive disorder described by cytogenetic instability, hypersensitivity to DNA crosslinking agents, augmented chromosomal breakage, and defective DNA repair (Vetro et al. 2015; Ceccaldi et al. 2016) . Interestingly, two SNPs located close to the human FANCL gene on Human Chromosome 2 (rs75575209 and rs11682175) have been found to be associated to Schizophrenia in a multi stage genome wide association study conducted on 36,989 cases and 113,075 controls (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014).
Further, the VRK2 gene is located in the same region in both goats and humans. The gene, in the human genome, is located on chromosome 2 close the FANCL gene and consequently close to the above mentioned SNPs associated to schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014). Moreover, the VRK2 gene has been further validated to be highly associated to schizophrenia (p value 1.9 Â 10 À9 ) in an association study conducted by Steinberg et al. (2011) .
Interestingly, in the abovementioned studies several associations were enriched among genes expressed in tissues that have main functions in immunity, offering support for the link between the immune system and schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014).
The pathophysiology of schizophrenia is unknown; however, it is known that it is a highly heritable disorder (Sullivan et al. 2012) . Epidemiological studies have long hypothesised the role of immune dysregulation in schizophrenia (Benros et al. 2012) . Altered immune function, together with altered lipid metabolism, have been found to be associated or better, identified as risk factors, to several other psychiatric disorders with a genetic basis as Alzeheimer's disease; however, until few years ago, it was not clear if they represented a causation or a revers causation (Guerreiro & Hardy 2011) . Indeed, an immunological hypothesis has become progressively prominent when analysing the aetiology of schizophrenia (Muller & Schwarz 2010) . In detail, both bacterial and viral infections have been suggested to be causally linked with schizophrenia because of inflammatory mechanisms, which possibly affect the brain through different pathways that are not necessarily mutually exclusive. Stress, infections and inflammation are a set of possible events that can modify the blood brain barrier and might allow immune stimuli to disturb the central nervous system (Irani & Lang, 2008) . In human, since 1896 bacterial infections have been identified to have a casual relationship with psychoses (Noll, 2007) . Recent studies have identified associations between schizophrenia and Toxoplasma gondii, human herpesvirus 2, Borna disease virus, human endogenous retrovirus W, Chlamydophila psittaci and Chlamydophila pneumonia (Arias et al. 2012 ). Furthermore, a significant doseresponse relationship was found between autoimmune diseases, number of severe infections and risk of schizophrenia (Benros et al. 2012 ). However, how the immunological process affects the brain is still unclear, although the hypothesis of the potential contribution of infections to the development of schizophrenia remains plausible. We can therefore possibly speculate that there could be a common genetic predisposition, although this hypothesis still has to be confirmed in goats, as neurological abnormalities still have to be addressed in this species concomitantly to immune measures.
It is worth noting that even candidate genes identified by GWAs for bovine paratuberculosis, such as the protein tyrosine phosphatase, receptor type, D (PTPRD) gene, located on chromosome 8 in cattle , have been found to be associated in humans to neurological disorders such as the restless leg syndrome (Schormair et al. 2008) , linking immunological and neurological pathologies even in this case.
Additional potential candidate genes under the SNPs on chromosome 5 (rs268259057) and 8 (rs268256983) have not been identified, as the regions are not particularly gene rich. However, it must be noticed that in the future, a new assembly of the goat genome will be released that could shed light in further finding.
In conclusion, most of the genes identified by our study have been found to be associated to schizophrenia in humans. Evidence of predisposition or causation between bacterial infections and schizophrenia has long been hypothesised in human studies (Noll 2007) . Thus, in the case of CLA that is caused by Corynebacterium pseudotuberculosis infection, these findings suggest that the genes identified could be possible positional candidates.
Conclusions
The genome wide association analysis conducted in this study identified four markers identified associated with resistance or susceptibility to CLA in goats, what when confirmed in a wider cohort, could be used in breeding strategies to reduce disease incidence. These encouraging findings represent the first insights in the role of genetics of CLA in goats. In dairy cattle, exploitation of genetic variability has already been established and used in selection for mastitis resistance (Rupp & Boichard 2003) . Such an approach could be applied as a long-lasting and sustainable complement to sanitary controls, especially considering that no really effective therapy is presently available to limit or control the spread of CLA in goat herds.
Confirmation of the data presented here will be sought in further replication studies in a wider population that in this case was limited due to economical constrains, as well as in studies in different goat breeds together with serological confirmation. Moreover, the four markers identified could also be the starting point in identifying the genes and hence the biological pathways, associated with response to infection with Corynebacterium pseudotuberculosis, which may be useful in developing diagnostic tests, or therapeutic approaches to further control the disease.
